We present the results of multi-objective genetic algorithm optimizations of a potential single shot ultra fast electron diffraction beamline utilizing a 100 MV/m 1.6 cell normal conducting rf (NCRF) gun, as well as a 9 cell 2π/3 bunching cavity placed between two solenoids. Optimizations of the transverse projected emittance as a function of bunch charge are presented and discussed in terms of the scaling laws derived in the charge saturation limit. Additionally, optimization of the transverse coherence length as a function of final rms bunch length at the sample location have been performed for a charge of 10 6 electrons. Analysis of the solutions is discussed, as are the effects of disorder induced heating. In particular, for a charge of 10 6 electrons and final beam size of σx ≥ 25 µm, we found a relative coherence length of Lc,x/σx ≈ 0.07, 0.1, and 0.2 nm/µm for a final bunch length of σt ≈ 5, 30, and 100 fs, respectively. These results demonstrate the viability of using genetic algorithms in the design and operation of ultrafast electron diffraction beamlines.
I. INTRODUCTION
The desire for single-shot ultrafast electron diffraction (UED) beamlines (σ t < ∼ 30 fs, q ∼ 10 6 electrons) capable of imaging molecular and atomic motion continues to push the development of both photocathode and cold atom electron sources [1] [2] [3] [4] [5] [6] [7] [8] . In the case of photoemission sources, advances in the development of low mean transverse energy (MTE) photocathodes [9, 10] , as well as both DC gun and normal conducting rf gun technology [11] now bring the goal of creating single shot electron diffraction beamlines with lengths on the order of meters with in reach.
For such devices, the required charge and beam sizes at the cathode imply transporting a space charged dominated beam. Building on the successful application of Multi-Objective Genetic Algorithm (MOGA) optimized simulations of space charge dominated beams used in the design and operation of the Cornell photoinjector [12] [13] [14] , as well as the optimization of a cryo-cooled dc gun UED set-up [15] , we apply the same techniques to a 100 MV/m 1.6 cell ncrf gun followed by a 9 cell, 2π/3 buncher cavity. We use a MTE value of 35 meV, a value considered achievable through the use of multi-alkolide photocathodes operated near threshold [9] .
This work is structured as follows: first, we briefly review the definition of coherence and the expected scaling with critical initial laser and beam parameters. Next, a detailed description of the beamline set-up, and the parameters for optimization is given. The results of an initial round of optimizations of the emittance vs. bunch charge, as well as detailed optimizations of the coherence length vs. final bunch length for a charge of 10 6 electrons * cg248@cornell.edu follow. From the optimal fronts, an example simulation for σ t ≈ 5 fs is presented. Throughout this work all fields and particle distributions are assumed symmetric about the beam line (z) axis. For a beam passing through a waist the coherence length expression reduces to [2, 7] 
where λ e ≡h/m e c = 3.862... × 10 −4 nm is the reduced Compton wavelength of the electron. For a bunch charge q, we write the minimum allowed initial laser spot size in the charge saturation limit for the two limiting cases of a short and long initial laser pulse, as defined by the aspect ratio of A = σ x,i /∆z ≈ σ x,i / eE0 mec 2 (cσ t,i ) 2 . In this expression E 0 is the accelerating field at the cathode and σ t,i is the laser pulse length [16, 17] . The minimum laser spot size is then given by:
Plugging this into the expression for the cathode emittance n,x,i = σ x,i M T E/mc 2 , where M T E is the mean transverse energy of the photoemitted eletrons, and combing that with Eq. (1) yields
Here the factor f = n,x,i / n,x,f is included because the above expression assumes the emittance at the cathode can be recovered at the sample. For beams with a large degree of emittance preservation, f ≈ 1, and the above expression gives the correct scaling [16, 17] . As previously mentioned, the NCRF gun based UED setup consists of a 1.6 cell 2.856 GHz NCRF gun followed by a buncher cavity placed between two solenoid arXiv:1604.03902v1 [physics.acc-ph] 13 Apr 2016 magnets [17] [18] [19] . For all simluations, the maximum allowable peak cathode field is set to 100 MV/m and the cathode MTE is fixed to 35 meV for all simulations. For the buncher model, we used the dimensions of the first cell in the SLAC linac, specified in Table 6 -6 in [20] , repeated a total of 9 times, to make a 9-cell 2π/3 traveling wave buncher cavity. The fieldmaps were generated in Poisson Superfish. To model solenoids similar to those in [17, 18] we use an analytic form for the on-axis solenoid field from a sheet of current with radius R and length L,
where ∆z ± = z ± L/2, to the solenoid field maps, and created a custom GPT element featuring the analytic result of the off-axis expansion of Eq. (4) to third order in the radial offset r. Note that given the small beam sizes along each set-up (σ x < ∼ 1 mm) determined by the optimizer, the first-order expansion of the solenoid fields accurately describes the beam dynamics. Additionally, the use of such small MTE and laser spot size values requires estimating the effect of disorder induced heating (DIH) near the cathode. This issue is discussed later in the results section.
II. RESULTS
In order to produce the best coherence length performance from the UED setup, multi-objective genetic optimizations were performed using General Particle Tracer and the same optimization software used previously in [12] [13] [14] [15] . For these simulations, the optimizer varied the laser rms sizes, beamline element parameters and positions. Additionally, the optimizer was allowed to arbitrarily shape both the transverse and longitudinal laser distributions, based on the same method described in [21] . Table-II Given a final spot size σ x Eqn. (1) implies the fundamental limit to the coherence is the emittance at the sample. As previously stated, the emittance preservation factor f in Eqn. (3) determines the degree to which the scaling laws in Eqn. (3) hold true, and may depend strongly on both the initial and final beam sizes. To determine the effects of constraining the final required rms sizes, we perform an initial round of optimizations for a "long" final beam, σ x ≤ 25 µm and σ t ≤ 500 fs. In these optimizations, we require that no particles are lost in beam transport. Fig. 2 shows the emittance performance. The figure also shows the results of fitting the emittance data with both scaling laws found in Eqn. (2), and suggests that the emittance at the sample does scale as q 2/3 . Noting that the optimizer chose an initial laser pulse length of roughly 2.4 ps for the charges shown, and computing the initial beam aspect ratio for all points on the front leads to an aspect ratio range of roughly 0.006 to 0.1, verifying the fitted scaling law.
Taking these results, we fixed the charge to 10 6 electrons and re-optimized, this time minimizing the emittance as a function of bunch length. Fig. 3 shows the results for two final beam spot sizes at the sample: σ x ≤ 25 and 100 µm and demonstrates that the emittance scales weakly with spot size for final beam sizes of σ x ≥ 25 µm. Additionally, the data shows the emittance scales weakly with the final bunch length down to roughly σ t ∼ 100 fs. For shorter bunch lengths the emittance suffers, though we note the existence of feasible solutions with small emittances n,x < ∼ 5 nm for bunch lengths as short as σ t ∼ 5 fs. Note, for this plot and all similar ones, we fit a rational polynomial to the Pareto front in order to better guide the eye and to aid estimating and interpolating between points on the front. The dashed black line in this plot indicates where the optimizer selected initial rms laser sizes corresponding to an initial beam aspect ratio of A ≈ 0.5. Beams to the right of this line are considered to be created in the long pulse regime. It is instructive to also estimate the disordered induced heating of the beam for this data. To do so we assume a uniform beam with equivalent rms sizes. From this, the volume of the beam after being emitted from the cathode follows: [22] , where n 0 is the electron number density. For the shortest final bunch lengths, the DIH estimate is roughly 150 meV. It is important to note that this estimate may indicate that DIH will be important, however, the true estimate of the effect depends on the detailed dynamics of the initial expansion of the beam, and lies beyond the scope of this work.
Optimal Coherence Length
Using the emittance vs. bunch length solutions for a final spot size of 25 µm in Fig. 3 as a seed, optimizations of the transverse coherence length were performed. shows the optimal coherence length as a function of final bunch length σ t , constrained so that σ x ≤ 25 µm.
In particular, the data show relative coherence lengths of L c,x /σ x ≈ 0.07, 0.1, and 0.2 nm/µm for a final bunch length of σ t ≈ 5, 30, and 100 fs, respectively. We estimate the limiting value for the coherence length for the case of a long beam (500 fs) at the sample to be roughly 8 nm, using the emittance data from Fig. 3 and Eqn.
(1). Barring any effect from DIH at the shortest bunch lengths, these results demonstrate the viability of using genetic algorithms in the design and operation of ultrafast electron diffraction beamlines. We compare these results to those found in [19] . At roughly the same bunch length (5 fs), the relative coherence from Jang is about 0.014 nm/µm, implying a factor of 5 improvement in our results. We note, however, that an MTE of 600 meV and a max accelerating field of 80 MV/m were used in [19] . Accounting for these differences would bring the relative coherence length in [19] up to 0.07, in agreement with this work. Thus, we point out the majority of the improvement comes from using better cathode. In addition to determining the the optimal coherence length, the optimizations producing the data in Fig. 5 also provides information about the optimal positioning of the beamline elements in each set-up. Table-II 
Example Solution
In order to get a better feel of the beam dynamics determined by the coherence length optimizations, we ran a single example solution from the coherence vs. final bunch length fronts shown in Fig. 5 . This solution has a kinetic energy of 4.5 MeV, typical of all of the simulations presented in this work. Table-III displays the resulting relevant beam parameters. Of note are the initial laser sizes of σ x,i ≈ 5 µm and σ t,i ≈ 32 fs. These correspond to an initial beam aspect ratio of roughly 4 × 10 4 and an estimated DIH effect of 176 meV, a value which may indicate that the space charge model is not sufficient to describe the dynamics near the cathode [22] . We note that though the optimizer did not generate solutions here at longer bunch lengths, the optimal emittance results suggest viable solutions exist a longer bunch lengths σ t ≈ 40 fs. Fig.6 shows the transverse rms beamsize along the beamline, as well as the initial transverse laser profile and the final electron transverse distribution at the sample. The optimizer chose a roughly flattop transverse laser profile with σ x ≈ 5 µm. Fig. 6(b) shows the rms bunch length, and the initial temporal current profile produced by the laser, and the electron beam current profile at the sample. The use of the buncher cavity allows for a fairly constant bunch length along the beamline up to the cavity, where the buncher applies an energy chirp which results in the bunch being compressed by the time it reaches the screen. The relevant emittance data along the beamline is shown in Fig. 6(c) . Shown in solid blue is the transverse emittance with the angular velocity due to the solenoid removed. Shown in green is the slice emittance, computed by averaging over the (30) individual slices. As anticipated, the individual slice phase spaces are nearly aligned at the sample.
In this work, we have presented a multi-MeV NCRF gun based single shot UED layout determined by MOGA optimization of space charge simulations. For a long final bunch of 500 fs or less, the emittance for this set-up scales as q 2/3 , in agreement with the predictions for a long initial beam aspect ratio [17, 18] . Emittances as low as 2-5 nm were found for final bunch lengths ranging from roughly 500 down to 5 fs for a bunch charge of 10 6 electrons. Estimates of the DIH and initial beam aspect ratio show no issues for bunch lengths as small as 40 fs. In addition to computing the optimal emittances as a function of bunch length, optimizations of the coherence length as a function final bunch length produced coherence lengths suitable for single-shot UED experiments with a final electron beam spot size of σ x ≥ 25 and bunch charge of q ≤ 10 6 electrons. In particular, optimal relative coherence lengths of L c,x /σ x ≈ 0.07, 0.1, and 0.2 nm/µm for a final bunch length of σ t ≈ 5, 30, and 100 fs, respectively, were produced. 
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